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:'Table 1: Descriptive Statistics
Descriptive statistics for unexpected return and volatility shocks, Yt and Zt. Ljung/Box Q(k)-statistics at lag k test for the null hypothesis of zero
autocorrelation coefficients up to order k in each of the original as well as squared series. GARCH-f1 denotes maximum likelihood estimation
results for model (2.2-3) with p = 4 and asymmetric specification f1. Results are derived under the assumption of Student-t distributed volatility
shocks Zt with an estimated number of degrees of freedom of 5.27 (standard error of 0.36) and a maximized log likelihood value of 7499.8.
Given the model, Engle’s ARCH LM (k)-statistic at lag k = 1, 2 and 3 is computed from an auxiliary test regression and tests the null
hypothesis of no ARCH effects in the shocks Zt up to order k. Sample period: January 2, 1990 to September 30, 2008.
Y Z Z: GARCH-f1




























Q (1) original - (probability)









Q (2) original - (probability)









Q (3) original - (probability)









* denotes significance for a double-sided test at the 95% confidence level, ** denotes significance for a double-sided test at the 99% confidence level.Table 2: Estimates of the Dynamic Conditional Correlation Model
Maximum likelihood parameter estimates of the Dynamic Conditional Correlation (DCC) between unexpected return and volatility shocks, Yt
and Zt. The asymptotic mean test is based on the hypothesis that mean conditional correlation is equal to zero, the asymptotic variance test is
based on the hypothesis that the variance of conditional correlation is equal to zero. The Jarque-Bera normality test is based on the null
hypothesis  that  conditional  correlation  is  normally  distributed.  Pearson's  correlation  test  is  based  on  the  hypothesis  that  unconditional
correlation is zero. Sample period: January 2, 1990 to September 30, 2008.
** denotes significance for a double-sided test at the 99% confidence level.





















-0.674 -0.704Table 3: Threshold Choice
Guidance from three different threshold choice approaches for the upper and lower tail of the return and volatility shocks, Yt and Zt. MEF
denotes graphical inspection of the mean excess plot and selection of a value beyond which the plot is approximately linear. The threshold plot
method displays the resulting tail index estimates as a function of the chosen threshold. The given intervals denote the range of threshold
choices for which the resulting tail estimates appear reasonably stable. Visual selection denotes a plausible threshold choice based on the
results of the two given plot methods. Adaptive selection denotes the application of an automated method which aims at minimizing asymptotic
mean squared error (see Beirlant et al. (2004), Section 4.7 ii). Sample period: January 2, 1990 to September 30, 2008.
Y −Y Z −Z
MEF plot 1.5 1.5 1.5 1.0
Threshold plot [0.2, 1.5] [1.0, 1.5] [1.5, 2.5] [0.7, 1.5]
Visual selection 1.5 1.2 1.5 1.5
Adaptive selection 0.7* 1.4* 1.6* 0.7*
* denotes the chosen threshold value for model estimation and further calculations.Table 4: Marginal Parameter Estimates for the GPD Model
Maximum likelihood estimates of the marginal GPD model parameters according to Ledford and Tawn (1996) given the threshold choice of
Table  3.  Estimated  standard  errors  are  given  in  parenthesis.  ‘#’  denotes  the  number  of  marginal  tail  observations.  logL  is  the  negative
logarithmic likelihood as evaluated at the parameter estimates, which are obtained via the Broyden-Fletcher-Goldfarb-Shanno method. Sample
period: January 2, 1990 to September 30, 2008.

















Threshold 0.7 1.4 1.6 0.7
# 805 127 301 992
logL 178.0 -0.8 207.9 342.8
* denotes parameter significantly different from zero at he 95% confidence level.Table 5: Dependence Estimates for the GPD Model
Maximum likelihood estimates of the symmetric and the asymmetric logistic GPD model dependence parameters according to Ledford and
Tawn (1996) given the threshold choice of Table 3. Estimated standard errors are given in parenthesis. ‘#joint’ denotes the number of joint tail
observations.  logL  is  the  negative  log  likelihood  as  evaluated  at  the  parameter  estimates,  which  are  obtained  via  the  Broyden-Fletcher-



























Threshold (1.4, 1.6) (0.7, 0.7)
# joint 91 475
* denotes parameter significantly different from one at the 95% confidence level.Table 6: High Quantile Exceedance Probabilities
Estimated high-quantile exceedance probabilities for the symmetric logistic GPD model (threshold choice of Table 3). We consider the «crash»
scenario, i.e. (−Y, Z), for which the model is shown to be valid. The conditioning values are chosen as the 98%, 98.5%, 99%, 99.5%, 99.9% and
99.95% quantiles, respectively. Given are the corresponding marginal exceedance probabilities. Reported are joint as  well as conditional
exceedance probabilities, the latter allowing to distinguish between intradaily leverage versus feedback causality. Expected marginal shortfall
with 95% confidence interval in parenthesis is given for the return shocks. Sample period: January 2, 1990 to September 30, 2008.
quantile and corresponding
conditioning values, (y, z),













P(−Y>−y) 2.00% 1.50% 1.00% 0.50% 0.10% 0.05%
P(Z>z) 1.91% 1.42% 0.94% 0.48% 0.11% 0.06%
P(−Y>−y, Z>z) 0.94% 0.71% 0.47% 0.24% 0.051% 0.026%
Leverage: P(Z>z  −Y>−y) 47.2% 47.0% 46.9% 47.4% 50.6% 52.7%
Feedback: P(−Y>−y  Z>z) 49.5% 49.7% 49.7% 49.2% 46.0% 44.0%











(2.86; 4.35)Table 7: High Quantile Exceedance Probabilities with Lagged Shocks
Estimated high-quantile exceedance probabilities for the symmetric logistic GPD model with lagged shocks (threshold choice of Table 3). The
conditioning values are chosen as the 99% and 99.9% quantiles. Reported are corresponding marginal, joint as well as conditional exceedance
probabilities. Lagged values allow to distinguish between leverage versus feedback causality. Sample period: January 2, 1990 to September 30,
2008.
«leverage:
crash with lagged return»
(−Yt-1, Zt)
«feedback:
crash with lagged volatility»
(−Yt, Zt-1)
quantile and corresponding
conditioning values, (y, z),









P(−Y>−y) 1.00% 0.10% 1.00% 0.10%
P(Z>z) 0.94% 0.11% 0.94% 0.11%
P(−Y>−y, Z>z) 0.040% 0.0043% 0.025% 0.0027%
P(Z>z  −Y>−y) 4.02% 4.34% −−− −−−
P(−Y>−y  Z>z) −−− −−− 2.69% 2.49%Figure 1: Market Returns, Volatility and Volatility of Volatility
Daily S&P 500 index market returns (SPX), conditional VIX market volatility (VIX) and estimated conditional volatility of logarithmic VIX
volatility, in short denoted as “conditional volatility of volatility” (VOV). VOV is based on an estimation of the ARCH model (2.2) for
logarithmic VIX conditional market volatility with threshold specification f1, Student-t distributed errors and variance equation (2.3). Sample
period: January 2, 1990 to September 30, 2008.






















VOVFigure 2: VIX and Conditional Correlation between Return and Volatility Shocks
Daily conditional VIX market volatility (VIX) and dynamic conditional correlation (DCC) estimates of the correlation between S&P 500 index
return shocks and VIX volatility shocks. Sample period: January 2, 1990 to September 30, 2008.















DCCFigure 3: Mean Excess Function Plots for Return and Volatility Shocks
Mean excess function plots for daily S&P 500 index return shocks, Y, and VIX volatility shocks, Z. Large unexpected markets increases, Y,
jointly with volatility decreases, −Z, are denoted as ‘boom’. Large unexpected markets decreases, −Y, jointly with volatility increases, Z, are
denoted as ‘crash’. Sample period: January 2, 1990 to September 30, 2008.
































































zFigure 4: Chi and Chi Bar Dependence Plots for Return and Volatility Shocks
Chi and Chi Bar dependence plots for daily S&P 500 index return shocks, Y, and VIX volatility shocks, Z. Large unexpected markets increases,
Y, jointly with volatility decreases, −Z, are denoted as ‘boom’. Large unexpected markets decreases, −Y, jointly with volatility increases, Z, are
denoted as ‘crash’. Sample period: January 2, 1990 to September 30, 2008.































χFigure 5: Contour Plot for Large Market Declines in the Symmetric Threshold Model
The figure plots daily realized negative S&P 500 index return shocks, −y, and VIX volatility shocks, z, together with the marginal threshold for
each series under the visual threshold choice of Table 3, where u-y = 1.2 and uz = 1.5. Joint exceedances of the thresholds occur with an
empirical probability of 3.21 percent. Sample period: January 2, 1990 to September 30, 2008.
−y









10Figure 6: Negative Market Price Impacts under Extreme Volatility Feedback
The figure plots estimated daily negative S&P 500 market price impacts under the occurrence of extreme volatility feedback. Initial volatility
shocks, Z>z, exceed the given 98, 98.5, 99, 99.5, 99.9 and 99.95 percent quantiles z, respectively (see Table 6). For each impact curve, the
initial implied market volatility is set to an annual percentage level of 19.1 (unconditional level of implied volatility), 22.5, 25, 27.5 and 30,






2.39 2.62 2.97 3.61 5.4 6.32
z
19.13%
22.50%
25%
27.50%
30%